Device and Method for Optical Sensing of Substances or Environmental Conditions FIELD AND BACKGROU ND OF TI-IE INVENTION
The present invention relates to a device and method for optical sensing of substances or environmental conditions.
As one particular non-limiting application of the present invention, the invention will be exemplified below with reference to applications for sensing ammonia. Ammonia is an extremely important bulk chemical widely used in fertilizers, plastics and explosives, and also implemented as a coolant in large industrial refrigeration systems. On the other hand it is a toxic and flammable gas and therefore needs to be monitored. Ammonia is also listed as one of the marker molecules in breath that could be used to identify diseases like Uremia and kidney impairment.
Various sensors have been proposed for ammonia detection. Many take advantage of the basicity of ammonia by employing a pH sensitive dye. The principle of these sensors is based on the change of color of the detecting molecule immobilized in the optical structure in the presence of gas. Several approaches have been reported for realizing optical ammonia sensors based on pH indicators in fibers, waveguides, or immobilized into porous structures. The detection of ammonia in a humid environment like animal breath is of particular interest. In this reaction, salvation of gaseous ammonia and the pH indicator is required, because the protonation/deprotonation reaction is mediated by water. Moisture is therefore an important factor in this sensing mechanism, since it definitely influences the sensor's reading towards ammonia. In some cases, the response of the sensor towards water vapor may cause cross sensitivity with ammonia, because these two molecules have similar size and volume. Researchers have therefore recognized that water vapor has to be accurately monitored simultaneously with ammonia so these sensors could to be used in practical applications.
US Patent No. 6897965 to Ghadiri et al. discloses an approach for
substance detection in which a layer of porous silicon (PSi) is impregnated with an indicator material of which the refractive index changes when it is exposed to the corresponding substance. The change in the refractive index of the layer is detected as a shift in the reflected interference pattern generated by the layer.
In "Biosensing Using Porous Silicon Double-Layer Interferometers:
Reflective Interferometric Fourier Transform Spectroscopy (Claudia Pacholski et al., J Am. Chem. Soc, 2005, 127 (33), 11636-1 1645) and
"Humidity-Compensating Sensor for Volatile Organic Compounds Using
Stacked Porous Silicon Photonic Crystals" (Anne Ruminski et al., Adv. Fund. Mater. 2008, 18, 3418-3426) , this approach is expanded to a two-layer structure in which variations in the optical properties of two stacked layers are sensed simultaneously to determine two different variable parameters. As detailed in Pacholski et al., the stacking of two sensing layers considerably complicates the spectral analysis of the output, since each layer individually and the combination of the two layers each generate a corresponding interference pattern in the reflected spectrum. While proposing a solution for the suggested two-layer structure, this approach does not seem to be suitable for generalization to more than two layers.
There is therefore a need for a device which would facilitate simultaneous sensing of a plurality of substances and/or environmental conditions in a fluid by straightforward spectral analysis, and which would facilitate scaling up of the device to sense multiple parameters.
SUMMARY QF According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements comprises a temperature responsive material.
According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements comprises a pressure responsive material.
According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements is responsive to presence of the predefined substance or the predefined environmental condition to undergo a color change in absorption spectrum.
According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements is responsive to presence of the predefined substance or the predefined environmental condition to undergo a change in refractive index.
According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements is responsive to presence of the predefined substance or the predefined environmental condition to undergo a change in dimensions.
According to a further feature of an embodiment of the present invention, the indicator of at least one of the sensing elements comprises at least one of the group consisting of: pH sensitive dyes, porphyrins, metalloporphyrins, proteins, anti-bodies and DNA.
According to a further feature of an embodiment of the present invention, the plurality of sensing elements includes at least three sensing elements.
According to a further feature of an embodiment of the present invention, the plurality of sensing elements includes at least four sensing elements.
According to a further feature of an embodiment of the present invention, there is also provided a reference element arranged in nonoverlapping relation adjacent to the plurality of sensing elements, the reference elements comprising a layered optical element for generating a wavelengthspecific interference effect distinct from the wavelength-specific interference effect of each of the sensing elements, the reference element being provided without an indicator so as to provide a calibration reference when illuminated together with the sensing elements.
According to a further feature of an embodiment of the present invention, the plurality of sensing elements are integrated onto a common semiconductor chip.
According to a further feature of an embodiment of the present invention, there is also provided an illumination arrangement directing multiwavelength light simultaneously towards all of the reference elements. In certain preferred embodiments, the indicator of at least one of the sensing elements includes a pressure responsive material. Examples of such materials include barochromic materials such as:
• Betaine dye 3 [C. Reichardt et. al., Pure & AppL Chem.., vol. 65, no.12, pp. 2593 -2601 , 1993 poϊy(thiophenes) [Leclerc, Advanced Materials, 11, 18, 1491 -1498 , 1999 * poly(alkyl silanes) [Song et al, Macromolecules, 25, 3629-3632, 1992 In order to illustrate more fully the principles of certain embodiments of the present invention, and to exemplify aspects of a practical implementation thereof, there will now be presented a particular example relating to sensing of ammonia and humidity in gas. From the details of this example, one ordinarily skilled in the art will readily understand how to implement a wide range of other applications.
Exam ple I -Ammon ia Sensor
Overview A two-sensor-element device was fabricated in which the sample was sectioned into two parts: one for water vapor and one for ammonia.
Correspondingly, one half was made of oxidized porous silicon and the other one was made of porous silicon with a chemical pH indicator dye immobilized inside the pores. As demonstrated below, the oxidized half is reversibly highly sensitive towards water vapor, and therefore used as a humidity sensor.
Humidity sensors based on porous silicon already have been reported in the literature (for example, in C . J . Oton et al. "Multiparametric porous silicon gas sensors with improved quality and sensitivity," Phys. Stat. Sol (a), vol. 197, no. 2, pp. 523-527, May 2003) . The pH indicator dye which was immobilized into the second half, responds to both ammonia concentration and humidity.
The combined use of both sensors enables the separate determination of these two components. The reflection spectrum for each half is presented in FIGS.
3A and 3B, and the combined spectrum reflected from both samples is shown in FIG. 3C .
As seen in FIG. 3C , the combined spectral graph received from a single white beam, does not allow the discrimination of the signals arriving from each half, since we work under non-imaging conditions. Observing FIGS. 3A and 3B, it is apparent that the sinusoidal shapes in both graphs have a quasiperiodical appearance. As known, the ideal response of the reflectivity of a single thin film is periodic in (1/λ) with subsequent peaks distanced by:
where d is the thickness of the film and n is its refractive index. Both parameters can be determined originally in the PSi layer etching process. The sensing process may affect both the refractive index and the absorption coefficient of the sensing layer.
Measurements, calibration and analysis of data were performed according to the following sequence: As a first step for each set of measurements, the reflected reference spectrum (measured in dry nitrogen only) was subtracted from all the measured spectra. In the next step, the xcoordinate of reflected spectra was inverted from wavelength (run) to wavenumbers (ran 1 ) and a linear interpolation was applied in order to obtain an evenly spaced new x~axis. Finally a FFT algorithm was applied. Each porous silicon section produces a characteristic peak in the Fourier domain. The position of the peak depends on the porous layer properties, and therefore is unique for each set of fringes. In our case we apply FFT on the difference spectra (and not the absolute), thus when water vapor is introduced into the system, a red-shift of the oxidized half spectrum is observed, causing peaks to occur in the Fourier domain at the original periodicity value. The more water condenses in the pores, the bigger the amplitude of the difference graph, and the higher the peak seen in the "frequency domain". When dry ammonia is introduced, there is absorbance at 550-650 run, and an additional peak at low frequencies (F~0-1) occurs. Thus, the absorbance of ammonia also affects the Fourier spectrum but at different spectral ranges and in a differential manner as will be shown below.
Experimental Setup
The experimental procedure was as follows. All samples were prepared using p-type doped Si substrates, 405-645 µm thick with a resistivity of 0.01-0.02 Ω-cm and (100) crystal orientation. The silicon wafer was diced into 1 cm 2 chips, and each chip was electrochemical Iy etched using an electrolyte solution containing 30% HF (48% aqueous) and 70% ethanol. Porous layers of 3 and 5µm were etched with a current density of 5Om A/cm 2 for 86s and 143s
respectively. Immediately after etching, each chip was rinsed with ethanol and then with pentane.
Indicator solutions were prepared by dissolving 100 mg pH indicator dye Bromotymol blue (BTB) in 30 mL ethanol. A volume of 15 µL dye solution was deposited on the surface of one sample, and the sample was left to dry for 24 hours.
Thermal oxidation was carried out in air on another sample at 300 0 C for 30 rain, and then heated further to 900 0 C for another 30 min. Thermal preoxidation at 300 0 C is known to have a stabilizing effect on PSi by hindering the fragile texture of the material from collapsing during further treatments at higher temperatures. Thermal oxidation increases the hydrophilicity of the porous layer, allowing water vapor to effectively infiltrate the pores.
Experiments were performed using synthetic ammonia gas in nitrogen.
Further dilution of ammonia gas with nitrogen was achieved through the use of mass flow controllers. Humid N 2 was obtained by allowing the dry N 2 to bubble through a container of distilled water which provided a relative humidity (RH) of 100%. This flow was further diluted with a second flow of pure nitrogen or the NH 3 in nitrogen mixture before reaching the sample. By changing the relative flow rates, it was possible to achieve different concentrations of water vapor/ammonia.
The sensor was placed into a sealed flow cell with a quartz window to enable light illumination of the sensor. Light from a tungsten halogen lamp was transmitted through six 400 µm fibers and used as the illumination source.
Reflected light was collected by a fiber located in the middle of the bundle.
In order to investigate the spectral changes in each sample individually during the experiments, a special beam arrangement was constructed employing a cube beam-splitter and a prism (not shown), making it possible to observe the combined spectrum, as well as each separate spectrum by covering one of the beams. This setup was used for experimental evaluation only. A practical device preferably employs a single white-light beam and measures the combined reflected light. The reflection spectrum was measured over a spectral range 500-1000nm, using a compact spectrometer.
Results and Analysis
As mentioned above, the splitter/prism arrangement was designed to allow separate measurement for each section and for their combination. For the purpose of the experiment, this allowed verification that the spectral information from the separated sections can successfully be retrieved from the combined spectrum. We refer first to preliminary measurements taken from each sensor independently. since the refractive index of gaseous ammonia is similar to that of air.
Furthermore the results here were recorded at very low NH concentrations.
We conclude therefore that oxidized PSi without pH indicator is not affected by ammonia at low concentrations. This conclusion is also supported by the resolved Fourier analysis shown below.
When water vapor is present, the humidity causes a red shift in both samples, (FIGS. 5A and 5B, respectively). As seen here, the oxidized half shows higher affinity towards water vapor. This effect of moisture on the PSi with the pH indicator nevertheless renders the absolute measurement of ammonia concentration non-trivial. This problem is addressed below.
FIG. 6 presents variations in the spectral response of the porous structures to pure water vapor. Specifically, measurements were performed at 33%, 67% and 100% relative humidity, at room temperature (25 0 C). All spectra were normalized with respect to that of dry nitrogen, while the total flow rate was kept constant at 150 standard cubic centimeters per minute (seem) . FIG. 6 shows the FFT of the combined normalized spectra, exhibiting two peaks, one corresponding to dye immobilized PSi and the other to oxidized PSi. As seen, the peak resulting from the oxidized PSi displays more significant changes, because of its hydrophilicity as compared to the non-oxidized PSi.
The intensity of the peak increases with relative humidity level. Without in any way limiting the present invention, this is believed to be due to the fact that the spectrum on which FFT is applied is not an absolute spectrum but a normalized spectrum. Therefore, slight changes in periodicity appear as peaks in the FFT graph. The more water vapor infiltrates the pores, the bigger the red shift, the bigger the amplitude of the normalized spectrum and therefore the higher the peak.
FIG. 7 represents the increase in intensity of the peak at F 23 point on the x-axis with the increase in the relative humidity.
Turning now to the combined spectral measurements from the device as a whole, measurements were performed with 25 ppm and 50 ppm of ammonia at 0%, 25% and 50% relative humidity. In this case both PSi sensors were 5µm The device of claim 1, wherein said layered optical element includes at least one layer of porous silicon.
3.
The device of claim 2, wherein said sensing elements are distinguished by a thickness of said at least one layer of porous silicon.
.
The device of claim 2, wherein at least one of said sensing elements is treated by deploying an indicator at least partially within pores of said at least one layer of porous silicon.
5.
The device of claim 2, wherein at least one of said sensing elements is treated by oxidation of surfaces of said at least one layer of porous silicon.
6.
The device of claim 1, wherein said layered optical element of each sensing element includes at least one layer of thickness between 0.2 and 10 microns.
7.
The device of claim 1, wherein at least one of said sensing elements is treated by association of an indicator with said sensing element.
8 .
The device of claim 7, wherein said indicator is a primary structural component of at least one layer of said layered optical element.
9 .
The device of claim 7, wherein said indicator of at least one of said sensing elements comprises a temperature responsive material.
10.
The device of claim 7, wherein said indicator of at least one of said sensing elements comprises a pressure responsive material.
11.
The device of claim 7, wherein said indicator of at least one of said sensing elements is responsive t o presence of the predefined substance or the predefined environmental condition to undergo a change in absorption spectrum.
12.
The device of claim 7, wherein said indicator of at least one of said sensing elements is responsive to presence of the predefined substance or the predefined environmental condition to undergo a change in refractive index.
13.
The device of claim 7, wherein said indicator of at least one of said sensing elements is responsive to presence of the predefined substance or the predefined environmental condition to undergo a change in dimensions.
14.
The device of claim 7, wherein said indicator of at least one of said sensing elements comprises at least one of the group consisting of: pH sensitive dyes, porphyrins, metalloporphyrins, proteins, anti-bodies and DNA.
15.
The device of claim 1, wherein said plurality of sensing elements includes at least three sensing elements.
16.
The device of claim 1, wherein said plurality of sensing elements includes at least four sensing elements.
17. 
